The electric field-induced relaxation of the adsorption geometry of Sb and K atoms on Si͑001͒2ϫ1 surface was studied using ab initio cluster calculations. We have found that the adsorption geometry changes considerably due to field. The difference in the response to the applied field of the different adatoms and the underlying Si layer is remarkable. The relaxation of the Sb dimer is less than that of the clean surface dimers, whereas the changes in K atom positions are an order of magnitude larger than those of the clean surface. In addition, there are drastic changes in the geometry of the Si dimers on the K-covered surface. The buckling of the dimers increases greatly for a positive field; for a negative field the increase in buckling is smaller. In both surfaces the relaxation of the Si dimers, to which the adsorbed atom is bonded, is defined by the elastic interactions with the adsorbed atom and differs from that of clean surface. The distribution of the field does not affect significantly the changes in adsorption geometry. However, for the field-sensitive surfaces, an extremely sharp tip may cause a selective desorption of the adsorbed atoms. ͓S0163-1829͑98͒01215-6͔
I. INTRODUCTION
The adsorption of metals on a silicon surface has been a subject of study for already more than three decades ͑see, for example, reviews Refs. 1-4͒. Such a stable interest in the structure and properties of covered Si surfaces is dictated by their importance for both technological applications and fundamental research. The classical example of such a surface is the Si͑001͒ surface. The complicated reconstructions developed on this surface provide a variety of adsorption sites. The site preferences and the actual adsorption geometry for different metals were studied both experimentally and theoretically. 1, 4, [5] [6] [7] [8] [9] [10] [11] With the invention of the scanning tunneling microscope ͑STM͒ a further step was taken in understanding the local structural and electronic properties of metal-semiconductor systems. These are especially important for adsorption at low coverage, for which the averaging techniques are insensitive. Nevertheless, there are discrepancies between the results obtained with different techniques and the calculated adsorption geometries. 10, [12] [13] [14] [15] [16] [17] The STM experiments on Si͑001͒ surface are usually carried out with voltages around 2 V. The electric field induced by a biased tip is extremely strong, about 10 8 V/cm, which is of the order of the crystal field. In semiconductors the external field penetrates inside the bulk up to 0.5 m. Therefore, one expects a pronounced effect of the field on the surface structure.
The effect of the electric field on the atomic and electronic structure was discussed for a clean Si͑001͒ surface. 6, [18] [19] [20] It was shown that an external electric field causes additional relaxation in the surface layer. As was estimated by Huang et al. 18 this relaxation is small. The elastic properties of the surface in the vicinity of an adsorbed atom, however, are different from that of the clean surface. The adsorption geometry, therefore, may be affected during the imaging process.
In the present work the problem of field sensitivity of the adsorption geometry of individual metal atoms on Si͑001͒ surface is addressed. As an example two metals with a large difference in polarizability were used: Sb and K. The polarizability of a free Sb atom is close to that of Si, while it is much larger for K atoms. Both systems have been well studied experimentally and theoretically and are widely used in microelectronics. 6, 8, 9, 12, 14, 16, 21 The Si͑001͒ surface is reconstructed with the surface unit cell having the same size as in the bulk in one direction and twice as large in another ͓so-called Si͑001͒2ϫ1 reconstruction͔. 19, [22] [23] [24] This reconstruction was proposed on the basis of room-temperature low-energy electron diffraction ͑LEED͒ experiments in which a 2ϫ1 diffraction pattern was observed. It is built of dimer rows running along the ͓110͔ direction with dimers oriented in the ͓110͔ direction ͑see Fig. 1͒ .
The dimerization reduces by half the number of dangling bonds. In the symmetric dimers they are half filled ͑Fig. 2͒. Further lowering of the surface energy can by achieved by a buckling of the dimers ͑a change in the relative height of two dimer atoms͒. The charge transfer between the upper and the lower dimer atoms leads to a filling of the lower dangling bond at the expense of the upper one. It is widely accepted that the dimers are asymmetric in their ground state. The symmetric dimers seen in STM images at room temperature are not static, but rather represent the time average of dynamically switching asymmetric dimers. The switching is ac- companied by a slight twisting along the ͓110͔ direction ͓Fig. 2͑d͔͒. The asymmetric dimers are always buckled alternatively along the row. When the dimers in the neighboring rows are buckled ''in-phase,'' they produce the so-called p(2ϫ2) reconstruction ͓Fig. 2͑e͔͒. The ''out-of-phase'' buckling gives a c(4ϫ2) reconstruction ͓Fig. 2͑f͔͒. The latter structure is considered to be a minimum of the Si͑001͒ surface, although the energy difference is very small ͑on the order of 0.01 eV per dimer͒. At room temperature the two structures are in thermal equilibrium and can be locally switched from one to the other by simultaneous flipping of two adjusted dimers from one row. The adsorption of a foreign atom locally changes the dimers' structure. The new arrangement of dimers depends on the nature of the adsorbed atom-substrate interactions.
Antimony atoms at low coverage are thought to be adsorbed on Si͑001͒ as dimers sitting on top of the Si dimer rows and oriented perpendicularly to the underlying Si dimers 8, 9 ͑Fig. 3͒. These dimers are almost broken and the arrangement of Si atoms is close to that of the bulk-truncated surface.
Among different proposed adsorption sites for the adsorption of alkali metals ͑AM͒ on Si͑001͒ ͑Fig. 3͒ the cave (T4) and the valley bridge (T3) sites are considered to be more stable than other sites. 5, 10, 12, 13 Also of importance is the structure of the underlying Si dimers. Symmetrization of the dimers was proposed for saturation coverage 12, 13 and is frequently used in the analysis of structural measurements for submonolayer coverage. However, Ko et al. 13 showed that for Na atoms adsorbed at low coverage, buckling of the surface dimers persists.
These models of atomic adsorption were calculated as the lowest-energy configurations. In comparing such models with STM images the possible distortion of the adsorption geometry as a result of the tip-induced field was not taken into account. The existing discrepancies in the interpretation of STM images even for intensively studied semiconductor surfaces call for a better understanding of the influence of the electric field on the imaged surface.
In the present paper the results of ab initio cluster totalenergy calculations of the field-induced relaxation of the adsorption geometry of Sb and K atoms on Si͑001͒ surface are reported. It was found that the equilibrium position of adsorbed atoms significantly changes with the field. It was also shown that the relaxation of underlying surface dimers is not related to the electrostatic interaction with the external field, but rather to the elastic force applied by the relaxed adsorbed atom. The force constants corresponding to different bonds in the first surface layer of both surfaces and the effective force constants for adsorbed atoms have been calculated. The additional displacement and changes in the desorption barrier caused by a localized nonuniform field distribution ͑charac-teristic for the STM experiments͒ were estimated.
The paper is organized as follows. In Sec. II the model used in the calculations of the surface is described. In this section I specify the cluster structures, the field distribution, and the details of the computational procedure. In Sec. III the results for the field-induced changes in adsorption geometry are presented. In Sec. III A the surface response to a uniform electric field is discussed. The relaxation of the Si dimers in the vicinity of the adsorbed atom is explained using calculated bond force constants. In Sec. III B the effect of the nonuniform field component on the equilibrium position and the shape of the potential well for adsorbed atoms is discussed. In Sec. IV the findings are summarized.
II. MODEL

A. Surface model
In order to reproduce the details of the Si͑001͒2ϫ1 reconstruction and to study the interaction between this surface and adsorbed atom one should be able to calculate the structural and electronic properties of the surface from first principles with high enough accuracy. Ab initio calculations involving a large number of atoms demand high computational resources and are very sensitive to the system size. The choice of the appropriate model for the surface is, thus, of great importance for the reliability of the calculations. In the present work the cluster model of the surface was adopted, since the exact geometry of a chemisorbed site was not known and a variety of structures had to be studied.
To define the appropriate clusters size the structure of the clean Si surface was calculated. The clean Si͑001͒2ϫ1 surface was represented by clusters containing one dimer (Si 17 H 20 ), two dimers from parallel rows (Si 31 H 34 ), and four dimers (Si 53 H 44 ), shown in Fig. 4 . The parameters of the optimized cluster's geometry were reported in Ref. 25 . All calculated atomic structures are in reasonable agreement with other calculations. 7, 20, 22, 23 This allows me to use these clusters as a substrate and to proceed with a covered surface. To simulate the covered Si͑001͒ surfaces a Si 15 H 20 Sb 2 cluster for a Sb/Si͑001͒ surface was used. Our study of the relative stability of cave and valley bridge sites showed that the cave site for adsorption of K is the most stable one. 25 To represent the K/Si͑001͒ surface a Si 31 H 32 K cluster was used ͑Fig. 5͒. For all clusters asymmetric Si dimers were assumed as a starting geometry. All broken bonds ͑except the surface dangling bonds͒ were saturated with hydrogen atoms. Then, Si, Sb, and K atoms were allowed to relax to minimize the total energy of the cluster. Hydrogen atoms were fixed in their positions during geometry optimization to simulate the rigid bulk.
In the cluster geometry, C 2V symmetry was assumed to reduce the amount of calculations. The symmetry used restricted to some extent the geometry relaxation. A test study for large clusters using low symmetry (C s and C i ) showed that this limitation does not significantly affect the results.
B. Tip model
The resolution of the STM images depends crucially on the tip. The ideal STM tip, giving the maximum resolution, is a point source of the current. A more realistic description should include the detailed tip structure. However, the actual atomic structure of the tip is usually unknown. An adequate tip model is, thus, dictated by the problem to be solved. In the present study the key quantity is the distribution of the electric field induced by a biased tip. It was shown 26, 27 that, for this purpose, the STM tip can be considered as a metal plate with a small cluster on it. When bias voltage is applied between the tip and the sample, the body of the tip induces a uniform electric field E 0 , which is defined by a macroscopic configuration of the tip-surface system. The small cluster causes an enhancement of the electric field just below it, whose spatial distribution as well as the magnitude are defined by the tip-sample geometry at the microscopic level. The field enhancement can be estimated as follows: A classically defined potential of a charged hemisphere on a conducting plane is given by
where E 0 is the uniform field far from the hemisphere, r 0 is the radius of the hemisphere, r is measured from the center of the hemisphere, z is the direction perpendicular to the plate, and is the direction parallel to the plate (r 2 ϭz 2 ϩ 2 ). The z projection of the electric field is, thus, the z derivative of the potential ⌽(r):
͑2͒
The field enhancement ␦ 0 below the hemisphere at a distance The nonuniformity of the electric field ␦ 1 can be described by a lateral variation of the E z on the interatomic distances a:
For the geometry shown in Fig. 6 ␦ 0 ϭ(2r 0 Å one finds ␦ 0 ϭ0.24 and ␦ 1 ϭ0.01. The field enhancement in the vicinity of the apex is not small, but can be considered as uniform. Therefore, the total field is E 0 ϩ⌬E, with ⌬E constant.
2. Aӷr 0 Ϸa ͑the tip with a single atom at its apex͒. For r 0 ϭ2.5 Å, aϭ5 Å, and Aϭ7.5 Å one finds ␦ 0 ϭ0.07 and ␦ 1 ϭ0.09. The field enhancement is nonuniform, but small and hence may be treated in the framework of the first-order perturbation theory with the perturbation potential (r) ϭE 0 zr 0 3 /r 3 . The external electric field penetrates substantially into the semiconductor. To correctly estimate the electric field E 0 produced by the tip in the vacuum region, the buffering role of the semiconductor bulk should be considered. For a tunneling distance of 5 Å and a bias voltage of -1 V applied to n-type silicon without surface states with a doping level of 1ϫ10 18 cm Ϫ3 , E 0 is estimated as 0.12 V/Å. 25 Therefore, the relevant range of the electric fields induced in STM experiments on a Si͑001͒ surface is Ϯ0.1Ϫ0.3 V/Å.
C. Method of calculation
As already mentioned, the optimized geometry and energetic properties of the clusters should be calculated on an ab initio level. To this end, I used an ab initio all-electron numerical total-energy method, the so-called ''DMol,'' [28] [29] [30] based on density-functional theory ͑DFT͒. The HedinLundqvist/Janak-Morruzi-Williams local correlation 31 and the Becke gradient-corrected exchange functionals 32 were used. The convergence criterion was 1ϫ10 Ϫ6 Ry for the energy and 1ϫ10
Ϫ3 Ry/͑a.u.͒ for the energy gradient. For all atoms, a double numerical basis set with a frozen-core approximation for the 1s2s orbitals of Si and the 1s2s2p orbitals of Sb and K was used. The integration grid for molecular orbitals was generated in a spherical pattern around each atomic center. 28, 33 Radial integration points were taken from nucleus to an outer distance of 10 bohr. Angular integration points were generated at each of the radial points using Gaussian quadrature schemes. [34] [35] [36] In the present work the integration grid with about 1000 points per atom was used. The uniform external electric field was entirely included in the calculations of the self-consistent potential.
III. FIELD-INDUCED GEOMETRY RELAXATION
A. Effect of the uniform field
To study the effect of an uniform external electric field on the geometry of the clean, Sb-, and K-covered Si͑100͒ surfaces, the clusters were reoptimized in the presence of field of strength Ϯ 0.1, Ϯ 0.2, and Ϯ0.3 V/Å. The field was applied normal to the surface, the positive direction pointing out of the surface.
It was found that the adsorption geometry significantly changes upon application of the field. The changes in the equilibrium position of the adsorbed atoms upon applied field were discussed in Ref. 25 . The effect, however, is more complicated and involves also substrate atoms. The difference in the response to the applied field between the different adatoms and the underlying Si layer is remarkable ͑Figs.
7-9͒.
In the clean surface, the dimer atoms are shifted in the z and y directions ͑Fig. 7͒. The relaxation of both atoms is quite small, being larger for the upper dimer atom. It results in an increase of the dimer buckling for a negative field and a decrease for the positive. This small change in the dimer structure, however, results in charge transfer within the dimer.
The relaxation of the Sb dimer is asymmetric with respect to the field polarity. In the negative field both the Sb dimer and the underlying Si dimers are almost unaffected. In the positive field the Sb dimer is pulled out of the surface. The Si atoms are also shifted ͑Fig. 8͒. The Sb dimer bond and Sb-Si bond lengths slightly increase, whereas the distances between the first-layer Si atoms decrease. Changes in the Sb and Si positions are of the same order as in the clean surface surface.
As for the K/Si͑001͒ surface, the changes in the K atom positions are an order of magnitude larger than those of the clean Si dimers. The asymmetry in the action of the fields of different polarities is also present. Unlike the clean Si͑001͒ Table I , k is given in Table II. surface, the buckling of the dimers increases for both field polarities ͑Fig. 9͒. The K-Si and Si dimer bond lengths changed significantly with the field.
The direction of the relaxation for different atoms is shown in Figs. 7-9 . Positive ⌬x, ⌬y, and ⌬z denote relaxation out of the center of the clusters, negative values denote relaxation towards the cluster center. The absolute values of the displacments are given in Table I .
One would expect the direction of the relaxation of the atoms to be defined by their effective charge. The upper dimer atom in the clean Si surface is negatively charged because of charge transfer in the buckled dimer. Sb and K atoms are positively charged. Although the charges change with the field, for these atoms, indeed, the direction is defined by the relative sign of the effective charge and the external field. For the underlying Si atoms, however, the direction and the magnitude of the displacement cannot be explained by a simple action of the electrostatic force.
To clarify this point I used the following procedure. First, the elastic properties of the surface in the vicinity of the adsorbed atoms were defined. The force constants for different bonds were calculated. To this end, the surface atoms were manually displaced ͑one atom at time͒ by ⌬zϭϮ0.1 Å from their equilibrium positions. Then the restoring forces acting on all atoms of interest were analyzed. The forces were calculated as gradients of the total energy. The procedure was repeated for both dimer atoms on a clean surface, the Sb dimer and underlying Si atoms, and the K atom with two dimer atoms ͑atoms related by symmetry were displaced together preserving the total symmetry of the cluster͒. The constants are listed in Table II. Next, the forces induced by the electric field Ϯ0.2 V/Å in the zero-field structures were calculated. Then all atoms ͑ex-cept hydrogen atoms͒ were allowed to relax and the evolution of the forces induced on all atoms of interest was followed during geometry relaxation.
Consider first the adsorbed atoms. The external field induces significant forces on these atoms. The net displace- ment is a result of the competition between the electrostatic force F E and the restoring elastic forces F k . The displacement is small for Sb (Ϸ0.03 Å͒. In contrast, for K even moderate electrostatic forces of about 0.05 eV/Å cause a displacement of 0.15-0.25 Å.
As for the underlying Si atoms, their relaxation is predominantly defined by the elastic interactions with displaced adatoms. For Sb/Si͑001͒ it results in a small upward displacement of about 0.01 Å despite the effective negative charge of Sb atoms. The effect is especially pronounced for Si dimers in the K/Si͑001͒ surface. Here, the dimer buckling increases for both polarities of the field due to the displacement of the Si 1 atom ͑see Table I and Figs. 8 and 9͒. The electric-field-induced changes in the bond lengths and the relative height of the adsorbed atoms and the substrate affect the local electronic structure in the vicinity of the adsorbed atoms. As both the atomic and the local electronic structure of the surface contribute to the formation of the STM images, the appearance of the adsorbed atoms in images may be changed by the electric field. This effect has been discussed in detail elsewhere 25 .
B. Sharp tip -the effect of the nonuniform field
The atomically resolved STM images can be obtained only with a sufficiently sharp tip. On the other hand, I have shown that the field distribution under such a tip is essentially nonuniform. To study the effect of the field gradient on the surface atomic and electronic structure, I used a model potential for a sharp tip defined in Sec. II B. The perturbation potential is well localized and quickly decreases with the distance. This allows me to use the same clusters as were used for the calculations with the uniform field, at least for a perturbation located close to the center of the cluster.
To estimate the possible changes in geometry caused by the nonuniform field component, I have evaluated the forces acting on different atoms due to distortion of the potential well. The potential surface of an atom near the equilibrium position can be described by a Hooke's law potential 37 ϭkz 2 /2 with the coefficient k set to the effective force constant of the corresponding atom. The effective force constants, including the contributions from all relevant bonds, were calculated using the bond force constants ͑see Table  III͒. Next, I checked whether the effective force constants of adsorbed atoms can be considered as field independent in the range of the fields used in this work. To evaluate the displacement ⌬z ͑caused by the uniform electric field E 0 ) I used the condition of mechanical equilibrium: k 0 ⌬z ϭF el (E 0 ). Here k 0 is the zero-field force constant and F el (E 0 ) is the force, applied to the unrelaxed atoms by the external field Ϯ0.2 V/Å. Then, the ''exact'' displacements were calculated using an ab initio geometry optimization.
The two displacements agree within 0.01 Å. Thus, in further analysis the zero-field force constants were used.
Using the calculated effective force constants, I have studied the dependence of the shape of the atomic potential on the nonuniform component of the electric field. Consider a Hooke's law potential in a nonuniform field:
where U 0 is an arbitrary chosen well depth, k is the effective force constant, q is the effective charge of the atom, E 0 is the uniform field strength, r 0 is the radius of the tip apex, and r 0 tip is the position of the apex center relative to the atom position. For a particular atom ͓characterized by k and q(E 0 )͔ and a particular tip size and position, the shape of the potential surface depends only on the electric field strength E 0 . Throughout this section I have used r 0 ϭ2.5 Å and r 0 tip ϭ6.5 Å. The potential surface of both Si dimer atoms in the clean surface is only slightly tilted even by a relatively strong field ͑see Fig. 10͒ . A small nonuniform field component hardly affects the atomic position for both polarities of the field. As I already mentioned there is an asymmetry in the action of the field for the Sb atoms. In the negative field the effect of the small nonuniform component of the field is negligible. The equilibrium position is the same for both the uniform and nonuniform fields. In the positive field ͓Fig. 11͑b͔͒ the desorption barrier is lowered, but the potential surface near the equilibrium point is still hardly affected.
The K atom is the most sensitive, as was found in the case of a uniform field. There is a strong asymmetry in its response to fields of different polarities. In the negative field ͑Fig. 12͒ the equilibrium point is shifted towards deeper z with increasing field and the potential barrier for desorption increases. Nevertheless, the shift of the equilibrium point is small even for a strong field (Ϫ0.5 V/Å͒. On the other hand, an increasing positive field ͑Fig. 13͒ lowers the barrier for desorption. A field of the order of ϩ0.5 V/Å opens an escape channel for the atom. Thus, a sudden increase of the tipinduced field may cause selective desorption of the K atom. In the normal operation regime of the STM (EϷ0.2 V/Å͒, the changes in the equilibrium point position are small ͓Fig. 13͑d͔͒.
Such a small displacement can be estimated using the simplified potential ͓Eq. ͑5͔͒. To this end, I calculated the gradient of this potential at position z, corresponding to the equilibrium position of the atom in the uniform field E 0 ϭϮ0.2 V/Å. The resulting displacements are negligible for clean Si and Sb/Si͑001͒ surfaces. For K/Si͑001͒ the additional displacement is also small: Ϫ0.01 Å for Ϫ0.2 V/Å and ϩ0.03 Å for ϩ0.2 V/Å.
To illustrate the effect of the apex size on the equilibrium position of an adsorbed atom, I used an example of K/Si͑001͒ ͑Fig. 14͒. As shown in Sec. II B, the nonuniform field distribution approaches that of the uniform field upon increasing the apex radius. For a negative field ͓Fig. 14͑a͔͒ the apex size does not affect much the potential shape. However, for a positive field, the effect is significant ͓Fig. 14͑b͒ and 14͑c͔͒. The desorption barrier increases with increasing r 0 , even for a strong field ͑0.5 V/Å͒. The equilibrium position is shifted towards its position in the uniform field E 0 ϩ⌬E ͑see Sec. II B͒.
IV. CONCLUSION
In the present work, I have explicitly accounted for the electric-field-induced relaxation of the atomic structure in covered Si surfaces. It was found that the adsorption geometry of Sb and K on a Si͑001͒ surface is significantly affected by the external electric field. The relaxation of the Si dimers in the vicinity of the adsorbed atoms was found to be governed by elastic interaction with the displaced adsorbed atom, and differs from relaxation of the clean Si surface. The force constants corresponding to different bonds and the effective force constants for adsorbed atoms were calculated.
The uniformity of the field distribution ͑defined by the size of the STM tip͒ does not affect significantly the changes in adsorption geometry. However, for the field-sensitive surfaces, an extremely sharp tip may cause a selective desorption of the adsorbed atoms. 
